In extracts of the seagrass Zostera marina, collected in coastal waters of West-Norway, fourteen different flavones and high amounts of rosmarinic acid were identified. Five of the flavones were found to be sulphated, among these were luteolin 7,3'-disulphate and chrysoeriol 7-sulphate structures previously not published with complete NMR assignments. Luteolin 7-O-β-(6''-malonyl) glucoside, and two other malonylated flavone compounds occurring in trace amounts, were identified for the first time in Z. marina. The sulphated flavones were fairly stable in slightly acidified (0.1% trifluoroacetic acid) extracts stored for months, however, under more acidic conditions (0.5% trifluoroacetic acid in the extracts) they were susceptible to undergo hydrolyses. When the solvents of purified fractions were removed by rotary evaporation, the sulphated flavones quickly decomposed to their corresponding aglycones due to the increased acid concentrations.
Introduction
Seagrasses are marine, rooted, flowering plants with terrestrial origin [1] . There are more than 70 species of seagrasses worldwide [2] , but only four species of seagrasses have been found in European waters, namely Zostera marina L. (eelgrass), Zostera noltii (dwarf eelgrass), Cymodoceanodosa and Posidoniaoceanica [1] . Two of these: Z. marina and Z. noltii, are native to Norwegian coastal waters, in addition to Z. angustifolia which is considered as a variety of Z. marina. Z. marina, the most widely distributed seagrass in Norway, is most com-
Experimental

Plant Material
Zostera marina L. was collected during spring low tide by hand at a locality close to Espegrend Marine Biological Station outside Bergen, Norway. The sample locality (60˚16'12.0''N, 05˚13'20.3''E) was situated in a small sheltered bay, influenced by fresh water from a small brook. Z. marina formed a large patch growing in fine, muddy sediment. The collected material was washed thoroughly in fresh water and air-dried. The root was separated from the rest of the plant, and the material was cut in small pieces and stored at −20˚C, when not used. A voucher specimen has been deposited in the Herbarium BG at the University Museum of Bergen, Bergen.
Extraction and Purification
The seagrass was extracted 3 times with 50% aqueous methanol, after optimization of extraction conditions. The extracts were filtered through glass wool, and the methanol was removed using a rotary evaporator under reduced pressure at 27˚C, followed by partitioning with ethyl acetate. The aqueous layer, containing the flavonoids, was further concentrated and applied to an Amberlite XAD-7 column (70 × 5 cm, Sigma-Aldrich, Steinheim, Germany). The flavonoids were eluted with distilled water until the fractions were colorless, and then methanol was applied for elution of adsorbed flavonoids. Obtained fractions were analyzed by analytical HPLC-DAD, and fractions containing similar qualitative flavonoid content were combined and concentrated under reduced pressure. The semi-purified plant extract was submitted to preparative HPLC to obtain purified compounds. The purified fractions were evaporated under reduced pressure at 27˚C, and were further analyzed by HRLC-MS and NMR spectroscopy.
Stability Observations
Approximately 50 mg of dried Z. marina leaves was extracted with 50% methanol with 0.1%, 1.0% formic acid, 0.1% and 0.5% trifluoroacetic acid (TFA) for 1 hour at 25˚C. The extracts were filtered and analyzed periodi-cally by analytical HPLC over 3 months period, and compared with a corresponding extract containing no acid. The relative content of sulphated flavonoids in the extract was determined by peak area measurement at 360 nm of individual compounds, relative to the total area of all flavonoids in the sample.
General Instrumentation
Analytical HPLC: The Agilent 1100 HPLC system was equipped with a HP 1050 diode array detector and a 200 × 4.6 mm inside diameter, 5 μm ODS Hypersil column (Supelco, Bellefonte, PA). Two solvents, (A) water (0.5% TFA) and (B) acetonitrile (0.5% TFA), were used for elution. The elution profile for HPLC consisted of initial conditions with 90% A and 10% B followed by a linear gradient elution to 50% B. The flow rate was 1.0 mL/min, and aliquots of 15 μL were injected with an Agilent 1100 series microautosampler. The UV-Vis absorption spectra were recorded online during HPLC analysis over the wavelength range of 240 -600 nm in steps of 2 nm. H signal of the solvent (d 6 -DMSO) were used as secondary references (δ 39.5 and 2.5 from TMS, respectively).High-resolution LC-electrospray mass spectrometry (ESI + /TOF), spectra were recorded using a JEOL AccuTOF JMS-T100LC in combination with an Agilent Technologies 1200 Series HPLC system at the following instrumental settings/conditions; Ionization mode: positive, ion source temperature = 250˚C, needle voltage = 2000 V, desolvation gas flow = 2.0 L/min, nebulizing gas flow = 1.0 L/min, orifice1 temperature = 100˚C, orifice2 voltage = 6 V, ring lens voltage = 18 V, ion guide peak voltage = 2000 V, detector voltage = 2300 V, acquisition range = 100 -1000 m/z, spectral recording interval = 0.5 s, wait time = 0.03 ns and data sampling interval = 0.5 ns. Sample was solved in a mixture of water and acetonitrile with 0.1% formic or acetic acid. The elution profile for HPLC consisted of initial conditions with 90% A (water with 0.1% formic acid) and 10% B (acetonitrile with 0.1% formic acid), isocratic elution 0 -2 min, followed by a linear gradient elution to 50% B (2 -15 min). A 50 × 4.6 mm internal diameter, 1.8 μm Agilent Zorbax Eclipse XDB C18 column was used for separation.
Results and Discussion
Characterization of Zostera marina Flavones
The HPLC profile of Zostera marina extract (Figure 1 ) revealed the presence of three major (1, 4, 8) and five minor flavones (2, 3, 5, 7, 9) ( Figure 2 and Table 1 ), together with higher amounts of rosmarinic acid (6) . In addition, traces of six flavones (10) (11) (12) (13) (14) (15) were found during HRLC-MS examinations of the extracts. Five of these flavones (1, 2, 4, 7, 8) were substituted with sulphate groups, and the order of retention times in the HPLC reversed phase column system was found to be: disulphate (1) < monoglucoside (3) < monosulphate (4) < acyl glucoside (5) < aglycone (9), here exemplified with luteolin derivatives.
As shown in Figure 3 the UV absorption spectra of luteolin 7-sulphate (4) and luteolin (9) are relative similar, and their UV max values are consistent with previously reported data for flavones and flavone glycosides [22] , whilst the significant hypsochromic shift in the UV max of luteolin 7,3'-disulphate (1), is strongly indicating the presence of a sulphate group in the 3'-or 4'-position on the B-ring. Thus, introducing a sulphate group to the flavonoid A-ring, does not influence the UV absorption significantly, but sulphation in the 3'-or 4'-position on the B-ring will cause a large hypsochromic shift in band I. Thus flavonoid sulphates seem to have analogous UV spectral characteristics as their corresponding flavonoid glycosides [12] .
Stability of Sulphated Flavones
The stability of the sulphated flavones in Z. marina extracts was investigated under various acidic conditions. The compounds were quite stable in extracts containing 0.1% -1.0% formic acid and in 0.1% TFA, and did not show significant differences when compared to their storage in the corresponding neutral methanolic extract for 3 months. However, in the extract containing 0.5% TFA, the flavone sulphates (1, 2, 4, 7 and 8 ) decomposed gradually to their corresponding aglycones (9, 14 and 15) due to acid hydrolysis. The sulphated flavones were isolated and purified by preparative HPLC, and their stability in the eluate solvent (consisting of water and acetonitrile with 0.1% formic acid) were monitored by analytical HPLC. The results showed that the sulphated flavones were relative stable in this solvent with a decay of 1% -5% in the course of 10 days. However, when the solvent was removed by evaporation, these compounds quickly decomposed to their corresponding aglycones, due to accumulated acid concentrations. Despite the problems with instability of the sulphated flavones, we were able to obtain pure samples of 1 (14 mg), 4 (4 mg) and 7 (6 mg).
NMR Assignment of Luteolin 7,3'-Disulphate (1), Chrysoeriol 7-Sulphate (7) and Luteolin 7-O-β-(6''-Malonyl)Glucoside (5)
The 1 H NMR spectrum of compound 1 (Figure 2) showed six proton signals in the aromatic region; a pair of meta coupled protons at δ 6.57 (1 H, d, J = 2.06 Hz, H-6) and δ 6.98 (1 H, d, J = 2.01 Hz, H-8), a one proton singlet at δ 6.74 (H-3), and the AMX system at δ 6.99 (1 H, d, J = 8.3 Hz, H-5'), δ 7.93 (1 H, d, J = 2.34 Hz, H-2'), δ 7. 71 (1 H, d, J = 2.35, 8.7 Hz, H-6'), which were in accordance with a luteolin derivative [23] . The 13 C NMR values for compound 1 ( Table 2) were assigned on the basis of 1 J CH , 2 J CH , 3 J CH and 4 J CH correlations observed in the HSQC and HMBC spectra. The downfield carbon data for C-6, C-8 as well as the significantly downfield shifts of H-6 and H-8 strongly indicated the presence of an electron withdrawing sulphate ester in position C-7. Similarly, a second sulphate group was indicated by the NMR values of the protons H-2', H-5' and H-6', and the carbons C-2', C-5' and C-6', which were significantly shifted downfield when compared to the corresponding proton and carbon signals of luteolin. When compared to the carbon and proton values in luteolin 7,4'-disulphate [24] , the same pattern can be seem, however in compound 1, the protons and carbons in the 1', 3' and 5'-position were shifted downfield, due to the sulphate ester group in position 3'. Compound 1 is therefore identified as luteolin 7,3'-disulphate. The high resolution mass spectrum of 1 showed a positive molecular ion [M+H] + at m/z 446.9725 (Table 1) , which confirms the identity of 1. The observed fragments at m/z 367.0143 and 287.0578 indicating loss of one and two sulphate groups, were in accordance with luteolin 7-sulphate and luteolin, respectively. The 1 H NMR spectrum of compound 7 showed signals for a pair of meta coupled protons at δ 6.56 (1 H, d, J = 2.06 Hz, H-6) and δ 7.04 (1 H, d, J = 2.09 Hz, H-8), a one proton doublet at δ 6.94 (1 H, d, J = 8.29 Hz, H-5'), a one proton doublet at δ 7.58 (1 H, d, J= 2.07 Hz, H-2'), a one proton double doublet at δ 7.60 (1 H, dd, J = 2.14, 8.28 Hz, H-6'), a one proton singlet at δ 6.98 (H-3), and a methoxy group at δ 3.89, corresponding to a diosmetin derivative [25] . The downfield shifts of protons H-6 and H-8 and carbon C-6 and C-8 were indicating a sulphate ester linked to the 7-position. The NMR data ( Table 2) were partially in accordance with previously published NMR data on diosmetin 7-sulphate [25] , but whereas the methoxy group on the B ring is in the C-4' position in diosmetin, the HMBC spectrum of compound 7 showed a long-range correlation between the methoxy protons (δ 3.89) and C-3' (δ147.7), which verified that the methoxy group was in the C-3' position. This means that the identity of compound 7 is chrysoeriol 7-sulphate, which was confirmed by HRLC-MS results showing a [M+H] + at m/z 381.0283 and a fragment at m/z 301.0719, corresponding to chrysoeriol 7-sulphate and chrysoeriol, respectively. Luteolin 7,3'-disulphate (1) and chrysoeriol 7-sulphate (7) have as far as we know only been reported to be in Z. marina previously [6] , but these compounds have not been completely assigned with NMR data before. 13 C resonances were in accordance with β-glucopyranose [26] . A long range coupling between the C-7 of the aglycone and the anomeric proton of the glucose unit confirmed the site of glucosylation to be at the 7-hydroxyl. The downfield shift values of H-6A'' (δ 4.61) and H-6B'' (δ 4.39) indicated acylation of the 6''-hydroxyl, and a long range coupling between the H-6'' protons of the sugar and a carbonyl carbon (C-1''') at δ 168.5 (C-1''') was observed. Furthermore, there was a cross peak at δ 3.71/168.5 (H-2A'''/C-1''') and δ 3.81/169.2 (H-2B'''/C-3''') in the HMBC spectrum, corresponding to a malonyl unit. The molecular ion [M+H] + at m/z 535.1080 in the HRLC-MS of compound 5 confirmed the identity to be luteolin 7-O-β-(6''-malonyl) glucopyranoside. Luteolin 7-O-β-(6''-malonyl)glucopyranoside has been identified in terrestrial plants previously [27] [28], but this is the first time it has been reported in Z. marina. Malonylated flavone glucosides have just recently been reported to occur in marine environments [29] .
NMR Characteristics of Sulphated Flavones
Despite the lack of NMR resonances of the sulphate moieties in sulphated flavonoids in 1 H and 13 C NMR spectra, the linkage position of potential sulphate groups might be revealed by comparison of their spectra with spectra of their non-sulphated analogs ( Table 3) . As described previously [12] , protons and carbons in orto and para positions to the sulphate ester have higher chemical shift values than their corresponding protons and carbons of the aglycone, due to decreased shielding, whereas the carbon directly attached to the sulphate ester and the carbons in meta position have lower chemical shifts, due to increased shielding from the electron withdrawing sulphate ester. Both protons and carbons in positions 6, 8 and 10 on the A-ring in 1, 4 and 7 have significantly higher chemical shifts than in their corresponding aglycones (Table 3) , which confirm that 1, 4 and 7 have a sulphate group connected to C-7. The HSQC spectrum of 4 is presented in Figure 4 , and illustrates the downfield shifts of C-6 and C-8 as a result of introducing a sulphate group onto the A-ring. The carbon signals of the sulphated flavones are displayed in black, whereas the signals of the corresponding aglycone, due to loss of sulphate group, are displayed in grey.
Similar NMR shift effects were revealed caused by sulphation of the B-ring of 1. A significant increase in the shift values of C-2', C-4' and C-6', as well as a decrease in the chemical shift value of C-3' were observed, due to a sulphate ester group in the 3'-position on the B-ring. The increase in the chemical shift values of H-2' and H-6' were also in accordance with a sulphate ester in the 3'-position. The sulphate group induced shifts in 7-sulphate and 7,3'-disulphate of luteolin are illustrated in Figure 5 , in which 1 H NMR spectra of both mono-and disulphated luteolin and luteolin are displayed. The instability of sulphated flavonoids becomes evident in this illustration, as signals corresponding to luteolin can be seen in the spectrum of luteolin 7-sulphate (4), due to loss of the sulphate group. It is also possible to see some weak proton signals of luteolin 7,3'-disulphate in the spectrum of luteolin (9) , which is due to the fact that the original NMR sample contained exclusively the disulphate, yet the disulphate rapidly decomposed to luteolin during concentration of the sample.
Conclusion
After optimization of extractions conditions two sulphated flavones: luteolin 7,3'-disulphate and chrysoeriol 7-sulphate were isolated and identified on the basis of NMR and high resolution mass spectra data as well as hydrolysis studies. This is the first report with complete NMR data for these two compounds, and chemical shift variations created by the sulphate groups were observed. All the sulphated flavones found in Zostera marina were shown to be easily hydrolyzed during extraction, isolation and examination unless careful handling was performed. Luteolin 7-O-β-(6''-malonyl)glucoside was isolated and identified for the first time in Z. marina. Trace amounts of the malonylated flavone glucosides of apigenin and chryseriol/diosmetin previously not reported in Z. marina, were found in extracts by HRLC-MS. 1 H NMR spectrum of 4 (luteolin 7-sulphate), (c) 1 H NMR spectrum of 1 (luteolin 7,3'-disulphate).
